Curcumin is one of the most extensively studied natural pigments. The significant phototoxicity of curcumin against a variety of bacteria and viruses has made the pigment a potential photodynamic drug. To explore whether the phototoxic mechanisms of curcumin involve light-induced acidification, the excited-state pKa values of the pigment were determined by the Förster cycle. It was found that the excited-state pKa values of curcumin [i.e., 7.56 (7.72), 8.72 (8.14) and 10.17 (10.35)] are rather higher than those of counterpart phenolic photosensitizers, which implies that light-induced acidification is unlikely to be responsible for the phototoxicity of curcumin.
Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] is a yellow-orange pigment extracted from the curry spice, turmeric, which has long been used as a food additive in India [1, 2] . Many pharmacological effects have been identified for this pigment, such as anticarcinogenic, antiinflammatory, antioxidant and phototoxic [3] [4] [5] [6] [7] [8] [9] [10] . The significant phototoxicity of curcumin against a variety of bacteria and viruses has made the pigment a potential photodynamic drug [11] [12] [13] . As the phototoxicity of curcumin was found to be enhanced with the presence of oxygen, the photo-induced generation of reactive oxygen species (ROS), for example singlet oxygen, superoxide radical, and hydroxyl radical, is likely to be responsible for its photo-activity [11, 13] . However, considering the fact that in some phenolic photosensitizers, such as hypericin and hypocrellins, light-induced acidification also plays a role in their phototoxicity [14] [15] [16] [17] , it is of significance to evaluate the photoacidic potential of curcumin, which stimulated our interest in the determination of the excited-state pKa (pKa * ) values of the pigment.
The Förster cycle has been extensively used to determine pKa * values of various compounds [18] . The Förster cycle for the proton dissociation processes of ground-and excited-state curcumin (CurH 3 and CurH 3 * ) is shown below: The thermodynamic equations corresponding to each proton dissociation process are as follows:
According to the Förster cycle, there exists:
where ΔE CurH 3 and ΔE CurH 2 -are the 0-0 absorption energies of CurH 3 and CurH 2 -respectively. 
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Accordingly, the pK 1 * , pK 2 * and pK 3 * of curcumin can be estimated.
Due to the highly conjugated structures of curcumin and corresponding anions, their excited-state equilibrium structures are similar to those at the ground state. Therefore, the ground-state and excitedstate entropy differences of curcumin and anions are small and thus can be neglected. To examine this assumption, we calculated the ground-state and excited-state entropies of curcumin and anions by a semi-empirical quantum chemical method AM1 [19] embedded in MOPAC 6.0. It was found that ΔS 1 − ΔS 1 * = 1.75 cal/mol·K, and ΔS 2 − ΔS 2 * = −0.29 cal/mol·K. As Cur 3-is extremely negatively charged, it failed to go through the calculation. However, it is reasonable to hypothesize that ΔS 3 − ΔS 3 * is also very small. Therefore, in the present study, only the 0-0 absorption energies of curcumin and anions will be considered in estimating curcumin's pKa * values.
As illustrated in Figures 1 and 2 , the increase of pH red-shifts the maximum absorption of curcumin, whereas, in contrast, the fluorescence peak is little influenced. From the wavelengths of the maximum absorption and emission peaks, we can get the 0-0 absorption energies of curcumin and corresponding anions. As the solvation energies of molecules at the ground and excited states are different, the wave numbers of absorption and fluorescence peaks are usually averaged to calculate pKa * values [18] .
The three pKa values of curcumin in the ground state have been determined to be 8.38 (or 8.54), 9.88 (or 9.30) and 10.51 (or 10.69) [20, 21] . The first pKa value corresponds to the dissociation of the enol proton, while the latter two are for the dissociation of the phenolic protons [22] . According to Eqs. 9-11, the three ΔpKa values were calculated to be 0.82, 1.16 and 0.34, respectively (Table 1) .
Consequently, the pKa * values of curcumin can be estimated as 7.56 (or 7.72), 8.72 (or 8.14) and 10.17 (or 10.35), which are rather higher than the values for other phenolic photosensitizers (for example, the first pKa * values of hypericin, and hypocrellins A and B are 0.9, 3.80 and 4.26, respectively [23, 24] ). Thus, although the acidity of curcumin will increase at the excited state, the light-induced acidification of the pigment is much weaker than that of other counterpart photosensitizers, which implies that light-induced acidification is unlikely to be responsible for the phototoxicity of curcumin.
Experimental
Curcumin was purchased from Shanghai Kangjiu Chemicals Co., Ltd, with a purity higher than 98%. The other reagents used were made in China and are analytically pure. An Orion Y828 potentiometer was used for measuring the pH values. A Unico UV-2102 spectrophotometer and Hitachi F-2500 luminescence spectrometer were employed to record absorption and fluorescence spectra of curcumin, respectively. All spectra were recorded at 25 ± 0.1°C.
